CD8 ؉ and CD8 ؊ T cell lines expressing the same antigen-specific receptor [the 2C T cell receptor (TCR)] were compared for ability to bind soluble peptide-MHC and to lyse target cells. The 2C TCR on CD8 ؊ cells bound a syngeneic MHC (K b؉ )-peptide complex 10 -100 times less well than the same TCR on CD8 ؉ cells, and the CD8 ؊ 2C cells lysed target cells presenting this complex very poorly. Surprisingly, however, the CD8 ؊ cells differed little from CD8 ؉ cells in ability to bind an allogeneic MHC (L d؉ )-peptide complex and to lyse target cells presenting this complex. The CD8 ؉ ͞CD8 ؊ difference provided an opportunity to estimate how long TCR engagements with peptide-MHC have to persist to initiate the cytolytic T cell response.
A ntigen-dependent responses by T cells are initiated by reversible interactions between T cell receptors (TCRs) on T cells and peptide-MHC (pepMHC) on antigen-presenting cells (APCs)
. Both reactants are integral membrane proteins, and analyses of their interactions were greatly hampered until genetic engineering made it possible to obtain them in soluble form. Some studies have examined the binding of soluble pepMHC to TCR on intact T cells, whereas most analyses have been carried out with pepMHC in solution and recombinant TCR molecules immobilized on sensor chips. It has been widely assumed that under these different circumstances kinetic and affinity (equilibrium constant) values are about the same and are equally valid representations of the interactions that take place between live T cells and APCs under physiologic conditions. Some disparities have become apparent, however, and call this assumption into question. For instance, some pepMHC were found not to bind to a TCR under cell-free conditions, but APCs presenting these complexes were able to stimulate specific cytolytic responses by T cells expressing that TCR (1) . Among the many differences between the TCR's microenvironment in buffered salt solution and on the cell membrane, one that has received considerable attention is the presence of coreceptor molecules (CD8 or CD4) on most T cells and their absence in most cell-free systems. This difference could explain the finding that a cognate pepMHC was bound with much higher affinity to the TCR on intact CD8 ϩ cells (2) than to the same receptor on a sensor chip in the absence of CD8 (3) . It also would account for the finding that the same pepMHC in the form of streptavidin multimers stained the appropriate CD8 ϩ T cells more intensely than the corresponding CD8 Ϫ cells (4) . To examine more closely the role of CD8 in TCR-pepMHC interactions and its potential effect on T cell responses, we have here compared the ability of a TCR (the 2C TCR) on CD8 (5, 6) . They also are referred to as syngeneic and allogeneic complexes because K b is self or syngeneic with respect to the receptor, and L d is nonself or allogeneic (7, 8) . Both complexes were found to bind strongly and about equally well by the 2C TCR on a CD8 ϩ T cell clone (2, 9 Ϫ difference to estimate the length of time a TCR-pepMHC engagement has to persist to serve as a ''stable engagement,'' i.e., one that contributes productively to the initiation of a cytolytic response.
Materials and Methods T Cells.
Unless otherwise indicated, the T cell clones and lines used here expressed the TCR of the cytotoxic T lymphocyte (CTL) clone called 2C. Clone 2C88 is the original 2C clone (7). Clones G3.1 and L3.100 and the CD8 ϩ 2C cell line were derived from 2C TCR transgenic mice (8) . The CD8 Ϫ 2C T cell line was obtained from 2C TCR transgenic mice that also lack the recombinase-activating gene 1 (2C͞RAG mice; ref. 10). The CD8 ϩ 2C CTL cell line and the CD8 ϩ 2C CTL clones (2C88, G3.1, and L3.100) were stimulated weekly with irradiated P815 (L dϩ ) cells. The CD8 Ϫ 2C cells were maintained as a line by weekly stimulation with irradiated BALB͞c splenocytes (L dϩ ) supplemented with 100 nM QL9 peptide and 0.5 ng͞ml recombinant murine IL-2. Cultured cell lines and CTL clones generally were analyzed 5-7 days after stimulation. No significant differences were found by flow cytometry between the CD8 ϩ and CD8 Ϫ cell lines in levels of lymphocyte function-associated antigen 1, CD44, and intercellular adhesion molecule (data not shown).
Naïve and memory 2C T cells were isolated from mouse lymph nodes and spleen and purified by negative magnetic sorting to remove other cells as described (11) . They were examined within a few hours after they were isolated. Typically, 90% of the naïve cell and 70% of the memory cell preparations were 2C TCR ϩ . g) were labeled with 2.5 mCi carrier-free Na 125 I (NEN) using iodobeads (Pierce) in 0.04 M KPO 4 , pH 7.3, and separated from unbound 125 I on a G25 column followed by dialysis against PBS, pH 7.3. The equilibrium constant for the binding of ) and the SYRGL peptide, the cytolytic activity of the CD8 ϩ 2C cell line was indistinguishable from that of an established CD8 ϩ 2C clone (G3.1) (Fig. 2A) . The CD8 Ϫ 2C cells, however, were far less active and required about a 5,000-fold higher peptide (SYRGL) concentration than the CD8 ϩ cells to achieve comparable (half-maximal) lysis of the target cells. In contrast, when the target cells were L (Fig. 2B) . These results show that a vigorous cytolytic response can occur in the absence of CD8.
Effect of an Anti-CD8 Antibody. To establish that the observed differences between CD8 ϩ and CD8 Ϫ cells was due to CD8 and not to other potential differences between the cell lines, we examined the effect of anti-CD8 antibody (clone 2.43) on cytolytic activity of CD8 ϩ 2C cells. With target cells that presented the allogeneic QL9-L d complex, the antibody had only a small effect (Fig. 3A) , in agreement with the results in Fig. 1E . However, the ability of these cells to lyse target cells expressing the syngeneic SYRGL-K b complex was completely blocked by the antibody (Fig. 3B) . Thus, in the presence of the anti-CD8 blocking antibody, the antigen-mediated responses of the CD8 ϩ 2C clone resembled those of the CD8 Ϫ cell line. In an unrelated syngeneic reaction, involving a different CD8 ϩ CTL clone (4G3), which recognizes a different syngeneic complex (SIINFEKL-K b ), the anti-CD8 antibody also greatly reduced cytolytic activity (data not shown).
Naïve vs. Memory CD8 ؉ T Cells. Besides the TCR, coreceptor, and pepMHC, many other cell surface structures are involved in T cell-APC interactions, including costimulatory molecules and cell adhesion molecules. To help exclude the involvement of these other molecules in the 2C TCR's affinity for soluble pepMHC on CD8 ϩ and CD8 Ϫ cells, we examined the binding of soluble SYRGL-K b to the 2C TCR on CD8 ϩ naïve and memory 2C cells. These naïve and memory cells were used because they express the same number of 2C TCR and CD8 molecules per cell, but differ greatly in their expression of many cell surface markers, including CD44, lymphocyte function-associated antigen 1, IL-2R␤, and Ly6C (11). Furthermore, memory T cells can respond much faster and to a lower dose of antigen than naïve T cells (17) . Accordingly, we measured the equilibrium constant for the binding of SYRGL-K b complexes to the 2C TCR on CD8 ϩ naïve and memory 2C cells freshly isolated from mice. As shown in Fig. 4 , the binding was indistinguishable on the naïve and memory cells and was about the same as on the cultured 2C cell line (Fig. 1B) . These results show that besides CD8, other cell surface molecules have no discernable effect on the affinity of 2C TCR for the soluble SYRGL-K b complex. The ability of memory cells to respond to lower doses of antigen is thus not due to an increase in affinity of TCR for cognate pepMHC. Among various suggestions, it has been proposed that in live cells CD8 molecules might be recruited, through association with signaling molecules, to interact with, and somehow stabilize, TCR-pepMHC engagements, as originally suggested for CD4 by Xu and Littman (24) . Because we observed the enhancing effect of CD8 on cells under conditions where active recruitment of CD8 to TCR-pepMHC engagements is likely to be limited (25°C, 0.1% azide), it may be that CD8 and TCR molecules exist in such close proximity on the cell surface that extensive recruitment is not essential.
Whatever the reason for the pronounced CD8 effect on the 2C TCR affinity for the SYRGL-K would have risen to the nanomolar range, a level commonly observed with antibody-antigen reactions. Given such high affinity, pepMHCs might not dissociate fast enough to react successively with TCR molecules, a possible requirement for T cell activation (25) . It may now be possible to determine, with the aid of the extremely high-affinity TCR molecules that can be generated by yeast display (26) , whether T cells that express TCR with such high affinities can respond effectively to TCR ligation. Stated otherwise, the absence of a significant CD8 effect on the high-affinity reaction with the allogeneic QL9-L d complex could reflect the potential existence of a TCR affinity ceiling, marked by excessively stable TCR-pepMHC engagements (27) .
Because the CD8 effect on the 2C TCR affinity was so pronounced for the syngeneic complex and negligible for the allogeneic complex, we infer that on CD8 Whether this shift will be evident in crystallographic studies and extend to other allogeneic pepMHC ligands remains to be seen.
The CD8 ϩ ͞CD8 Ϫ difference described here provides an opportunity to focus on an elusive determinant of the outcome of T cell-APC encounters in general: namely, the length of time TCR-pepMHC engagements have to persist to trigger a productive T cell response. Much evidence indicates that the outcome of T cell-APC interactions depends, in part, upon (i) the equilibrium constant (affinity) of the TCR-pepMHC reaction, and (ii) the number of copies of the cognate pepMHC per APC (the epitope density). Together, the affinity and epitope density provide an indication of the total number of TCRpepMHC engagements formed in a T cell-APC encounter (33) . However, there is now evidence that the dissociation rate constant (k off ) of TCR-pepMHC bonds is also a major factor (34, 35) , implying that it is not the total number TCR-pepMHC engagements, but rather the number of stable engagements that is critical. It is not known how long a TCR-pepMHC pair has to remain together to qualify as a ''stable engagement,'' i.e., one that contributes productively to the initiation of a T cell response.
We suggest that an estimate of the required duration (or residence time) can be derived from the observed differences between CD8 ϩ and CD8 and same peptide (SYRGL), as in Fig. 2 A. Second, that TCRpepMHC engagements dissociate (decay) as a first-order process. Thus, using superscripts A and B to refer to values on the CD8 ϩ and the CD8 Ϫ cell lines, respectively, for the total number of pepMHC engagements (N 0 ) and their dissociation rate constants (k), we can say that cells; because TCR levels are about the same (Fig. 1 A) and very high (ca. 100,000 TCR per cell), we take TCR B ͞TCR A to be about 1.0. FED A and FED B are free epitope densities (i.e., the number of unengaged SYRGL-K b complexes per target cell) for CD8 ϩ and CD8 Ϫ cells, respectively, at half-maximal activity. These values are unknown, and we shall assume that they are proportional to free peptide concentrations at the low concentrations required for this level of cytolytic activity. Thus, from the peptide concentrations needed to achieve half-maximal cytolysis in Fig. 2 A, FED B ͞FED A is assumed to be approximately 5,000. R is thus about 50 (i.e., 0.01 ϫ 5,000). k (Fig. 1 A) and an assumed on-rate constant (k on ) of about 1 ϫ The foregoing model is based on a number of arguable assumptions. One is that no penalties arise from shorter, nonproductive residence times, as postulated by kinetic proofreading models (36, 37) . Another is that CD8 does not affect k on . Our model also neglects a signal transduction role for CD8 in enhancing the cytolytic efficacy of CD8 ϩ cells. While small, this contribution may not be insignificant (see Fig. 3A ). Despite all of these limitations the estimated t value may prove useful as a target for future refinement.
Finally, it is well known that in the development of immature T cells destined to become mature CD8 ϩ T cells, CD8 plays an important role in TCR-mediated reactions with syngeneic (self) pepMHCs in the thymus (38, 39) . It is thus not surprising that the CD8 effect is prominent in syngeneic reactions by mature CD8 ϩ T cells. But, because there are no parallel constraints on T cell reactions with allogeneic (nonself, foreign) pepMHC, there is no reason for CD8 to have a similar affect on the affinity of TCR for allogeneic complexes (40, 41) . It remains to be seen whether the different CD8 effect found here for a syngeneic and an allogeneic reaction is simply a happenstance or applies broadly to antigen recognition by CD8 T cells.
